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ABSTRACT 

The  direct  ink-jet  printing  of  ceramic  powders  requires  the  development  of  highly  fluid 
suspensions  of  ceramic  particles  with  viscosity  < 40  mPas.  Here  we  describe  the  development  of 
two  such  ceramic  suspensions,  which  contain  up  to  30%  by  volume  of  PZT  particles  in  either  an 
azeotropic  mixture  of  MEK  and  ethanol  or  in  an  alkane  wax  at  1 20  °C.  The  influence  of  various 
processing  parameters  on  fluid  rheology  are  investigated  and  trial  fluids  have  been  passed 
through  an  ink-jet  printing  head. 

INTRODUCTION 

Ink-jet  printing  is  now  a mature  technology  and  has  widespread  applications  in  the  fields  of 
printing,  product  marking  and  microdosing.  Initial  work  combining  ink-jet  printing  and  layered 
manufacturing  for  the  production  of  ceramic  parts  was  undertaken  by  Sachs  and  co-workers, 
using  a process  of  selectively  printing  binders  onto  powder  beds  [1].  Evans  and  co-workers 
extended  this  concept  by  pioneering  the  direct  printing  of  ceramic  suspensions  using  ink-jet 
printers  [2-4],  Direct  ink-jet  printing  is  a very  attractive  route  for  the  freeform  fabrication  of 
ceramics  as  fabrication  of  an  object  by  droplet  deposition  allows  the  composition  of  each  voxel  of 
a design  to  be  individually  determined.  This  extends  the  fabrication  method  to  components 
requiring  multiple  materials  or  materials  of  graded  composition. 

Initial  studies  of  direct  ink-jet  printing  used  commercial  ink-jet  printers  optimised  for  text 
printing,  and  thus  the  volume  of  ceramic  powder  available  in  suspension  was  relatively  low 
(<  10  volume%).  This  was  because  the  viscosity  of  the  suspensions  had  to  be  low  to  allow 
printing  using  the  unmodified  printers  available.  Evans’  work  used  ceramic  suspensions  in 
aqueous  or  alcohol-based  media.  The  liquid  carrier  or  solvent  is  removed  by  evaporation  from  the 
deposit  after  printing.  Solid  objects  can  be  fabricated  by  overprinting,  however  the  combination 
of  low  solid  volume,  and  the  need  to  remove  the  solvent  before  deposition  of  subsequent  layers, 
resulted  in  a relatively  low  rate  of  growth  in  the  direction  normal  to  the  printed  plane. 

Our  earlier  work  on  ceramic  ink-jet  printing  used  alumina  powders  suspended  in  low  melting 
point  alkane  (paraffin)  waxes  [5,6].  These  suspensions  solidify  on  impact  and  build  up  a 
thickness  more  rapidly  than  do  deposits  that  solidify  by  evaporation.  Both  these  methods  have 
their  advantages  and  disadvantages.  Suspending  fluids  that  evaporate  allow  dilute,  low  viscosity 
ceramic  particle  suspensions  to  be  used.  However  solid  distribution  during  drying  is  affected  by 
Marangoni  convection  and  the  resulting  deposit  may  show  an  irregular  packing  density.  Phase- 
change  fluids  that  solidify  on  impact  result  in  more  uniform  particle  distributions  but  now  the 
solidified  fluid  must  be  removed  from  the  object  by  an  additional  processing  step  prior  to  firing. 
Whichever  route  is  used  to  prepare  printable  fluids,  it  is  desirable  to  obtain  the  maximum  fraction 
of  particles  in  stable  suspension  while  maintaining  a fluid  viscosity  sufficiently  low  to  allow 
droplet  formation  in  an  ink-jet  printing  device.  Using  the  ink-jet  printing  systems  available  at 


113 


Manchester  this  viscosity  limit  is  40  mPas  at  the  printing  temperature.  With  alumina  powders  it  is 
possible  to  achieve  stable  suspensions  with  up  to  40%  solids  fraction  with  viscosity  sufficiently 
low  for  ink-jet  printing  [6]. 

In  this  article  we  describe  methods  to  produce  printable  suspensions  of  the  piezoelectric 
ceramic  lead  ziconate  titanate  (PZT)  in  wax  and  other  solvents. 

MATERIALS  AND  EXPERIMENTAL  PROCEDURE 

PZT  powder,  of  grade  PC5H  (a  soft  piezoelectric  material),  was  provided  by  Morgan 
Electroceramics  (Wrexham,  UK).  Two  solvent  systems  have  been  investigated  using  either  a 
paraffin  (alkane)  wax  of  melting  temperature  57  °C  (Aldrich,  Poole,  UK)  or  an  azeotropic 
mixture  of  67%  methyl  ethyl  ketone  and  33%  absolute  ethanol  (MEK/EtOH)  (Aldrich,  Poole, 
UK).  Two  dispersant  systems  have  been  used:  a commercial  polyester  dispersant  (Hypermer  LP1 , 
Uniqema,  Everberg,  Belgium)  — combined  with  Octadecylamine  (Aldrich,  Poole,  UK)  and  a 
phosphate  ester  based  dispersant  (Phospholan  PEI  82,  Akros  Chemicals,  Manchester,  UK). 

The  PZT  powder  was  calcined  for  5 hours  at  650  °C  to  remove  a polymeric  binder  on  the  as- 
received  powder.  The  calcined  powder  was  either  ball  milled  for  72  hours  or  attrition  milled  for 
6 hours  in  alcohol  to  remove  any  agglomeration  that  occurred  during  calcining.  The  dried 
powders  were  mixed  with  the  appropriate  medium  and  dispersant  before  ball  milling  for  up  to 
24  hours  at  10  - 20  rpm.  The  mixing/milling  process  was  conducted  at  room  temperature  with  the 
MEK/EtOH  solvent.  The  temperature  of  mixing  for  the  wax-based  suspension  was  120  °C,  which 
is  the  operating  temperature  of  the  high  temperature  ink  jet  head. 

Suspension  viscosity  was  measured  using  a concentric  cylinder  rheometer  (Brookfield, 
Middleboro,  MA,  USA).  Suspension  stability  was  assessed  by  leaving  suspensions  in  measuring 
cylinders  at  the  appropriate  temperature  and  investigating  particle  distribution  after  periods  of 
time.  In  order  to  assess  the  printability  of  the  suspensions  they  were  passed  through  a single  ink- 
jet printing  head.  For  the  MEK/EtOH  solvent  system  a room  temperature  printhead  was  used 
(Microfab,  Plano,  TX,  USA),  while  for  the  wax  based  system  a system  optimised  for  printing  at 
120°C  was  used  (Sanders  Design  International,  Wilton  NH,  USA). 

RESULTS  AND  DISCUSSION 

For  the  initial  trials  the  phosphate  ester  dispersant  system  was  used.  This  gave  reasonably 
stable  suspensions  in  both  MEK/EtOH  and  wax  solvents.  Suspension  viscosity  was  found  to  be 
strongly  affected  by  ball  milling  with  longer  milling  times  giving  lower  viscosity  up  to  some 
optimum  time  above  which  viscosity  increased  again.  This  increase  in  viscosity  is  believed  to 
indicate  the  thermomechanical  degradation  of  the  dispersant  molecules  during  milling.  This 
behaviour  is  clearly  seen  in  figure  1 where  the  optimum  milling  time  for  a 20%  by  volume 
dispersion  of  PZT  in  the  MEK/EtOH  solvent  is  18  hours,  and  for  the  wax  solvent  4hours.  The 
shorter  time  before  degradation  found  with  the  wax-based  materials  is  believed  to  be  because  this 
material  is  milled  at  120  °C. 

Suspension  viscosity  was  also  found  to  depend  strongly  on  the  amount  of  dispersant  used. 
The  behaviour  in  figure  2 also  shows  an  optimum  result  at  1%  by  weight  of  the  phosphate  ester 
for  both  solvent  media  when  20  vol%  PZT  is  in  suspension.  The  optimum  value  indicates  site 
saturation  on  the  PZT  particle  surface.  Any  dispersant  in  addition  to  this  value  remains  in 
solution  and  increases  viscosity  without  further  improving  particle  dispersion.  Figure  3 shows  the 
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a)  b) 


Figure  1.  Viscosity  of  20  vo1%  PZT  suspensions,  with  1 wt%  PEI  82  dispersant,  as  a function 
of  shear  rate  after  various  ball  milling  times:  a)  MEK/EtOH  solvent  at  room  temperature,  b) 
wax  solvent  at  120  °C. 


a)  b) 


Figure  2,  Effect  of  varying  the  content  of  phosphate  ester  dispersant  on  the  viscosity  of  the 
20  vol%  PZT  suspensions  : a)  MEK/EtOH  solvent  at  room  temperature,  b)  wax  solvent  at 
120  °C. 

effect  of  increasing  particle  volume  in  suspension.  With  the  MEK/EtOH  solvent  the  suspension 
viscosity  is  sufficiently  low  to  allow  printing  at  30  vol%  PZT.  However,  the  viscosity  of  the  wax 
based  material  is  too  high. 

There  are  a number  of  potential  applications  for  components  fabricated  from  PZT  where  the 
higher  aspect  ratio  deposit  available  through  printing  wax  based  suspensions  would  be  an 
advantage.  Hence  a different  dispersant  system  based  on  a commercial  polyester  was  studied. 
Previous  work  on  alumina  had  identified  the  Hypermer  series  of  dispersants  as  being  particularly 
effective  with  alumina  [5,6]  and  these  were  explored  for  use  with  PZT. 
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Figure  3.  The  influence  of  the  volume  fraction  of  PZT  particles  in  suspension  on  fluid 
viscosity  : a)  MEK/EtOH  solvent  at  room  temperature,  b)  wax  solvent  at  120  °C. 


Shear  rate,  s-1 


Figure  4.  Viscosity  of  PZT  suspensions  in  wax  as  a function  of  volume  solids,  measured  at 
120  °C  with  Hypermer  LP1  dispersant. 

It  is  well  known  that  a combination  of  long  chain  and  short  chain  surfactant  molecules  can  be 
particularly  effective  in  dispersing  ceramics  particles  [7],  Earlier  work  had  shown  that  Hypermer 
LP1  can  be  used  with  octadecanoic  acid  (stearic  acid)  and  octadecylamine  to  produce  suspensions 
of  alumina  in  wax  with  very  low  viscosity  [5,  6] 

Suspensions  of  PZT  in  wax  were  prepared  containing  1 wt%  Hypermer  LP1  and  0.5  wt% 
octadecylamine  and  a range  of  PZT  powder  concentrations.  These  were  ball  milled  for  6 hours  at 
120  °C  to  ensure  adequate  dispersion.  The  viscosity  of  this  range  of  materials  was  measured  and 
the  results  given  in  figure  4.  On  comparing  figure  4 with  figure  3b  it  is  clear  that  the  Hypermer 
LP1  dispersant  system  gives  significantly  lower  viscosities  than  the  phosphate  ester  system. 
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Figure  5.  Ink-jet  printed  droplets  of  30  vol%  PZT  suspension  in  MEK/EtOH. 


Both  the  phosphate  ester  dispersed  MEK/EtOH  and  the  Hypermer  dispersed  wax  based 
system  have  suffiently  low  viscosity  at  30  vol%  PZT  to  be  printable.  Preliminary  trials  have  been 
successful  (figure  5)  with  the  fluids  having  been  successfully  printed  through  the  test  station. 

CONCLUSIONS 

It  is  possible  to  prepare  PZT  suspensions  of  high  solid  loading  that  can  be  successfully  used 
for  ink-jet  printing.  A phosphate  ester  dispersant  has  been  used  with  MEK/EtOH  azeotropic 
solvents  while  a combination  of  a polyester  and  a short  chain  amine  terminated  alkane  produces 
the  best  result  with  wax  as  a solvent. 
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